Abstract: ZrO 2 : 3 mol % Y 2 O 3 (3YSZ) polycrystalline pellets were sintered at 1400 • C and by applying an alternating current (AC) electric field at 1000 • C. An alumina sample holder with platinum wires for connecting the sample to a power supply was designed for the electric field-assisted sintering experiments. The apparent density was evaluated with the Archimedes technique, the grain size distribution by analysis of scanning electron microscopy images, and the electrical behavior by the impedance spectroscopy technique. Sintering with the application of AC electric fields to 3YSZ enhances its ionic conductivity. An explanation is proposed, based on the dissolution back to the bulk of chemical species, which are depleted at the grain boundaries, leading to an increase in the oxygen vacancy concentration. For the enhancement of the grain boundary conductivity, an explanation is given based on the diminution of the concentration of depleted chemical species, which migrate to the bulk. This migration leads to a decrease of the potential barrier of the space charge region, known to be responsible for blocking the oxide ions through the intergranular region. Moreover, the heterogeneity of the distribution of the grain sizes is ascribed to the skin effect, the tendency of the AC current density to be largest near the surface, decreasing towards the bulk.
Introduction
Flash sintering is an electric field-assisted sintering technique that consists of applying a direct current (DC) or alternating current (AC) electric field to a green or pre-sintered ceramic compact to trigger an electric current through the specimen, usually leading to densification at lower temperatures and shorter times than the ones applied in conventional sintering (a process of grain-growth-induced densification facilitated by atomic diffusion at approximately two-thirds of the melting temperature [1]) [2] . Moreover, grain growth is inhibited in yttria-stabilized zirconia [2] [3] [4] [5] . The electric field can be applied either during heating up to a temperature below the conventional sintering temperature or at a fixed temperature.
The first paper announcing the development of the flash sintering technique was focused on the study of the influence of the electric field on the sintering rate of 3 mol % yttria-stabilized zirconia (3YSZ) [3] ; the sample was submitted to a 4 V·cm −1 DC electric field, producing an increase of the sintering rate. It was proposed that the sintering rate increased due to the retardation of the grain growth dynamics as a consequence of the application of the electric field, with acceleration of the densification. Moreover, higher electric fields produced samples with smaller average grain sizes. A comparison of the densification rate using AC and DC electric fields reported that the sintering rate was higher for AC than for DC electric fields [4] ; the phenomenon of sintering the 3YSZ ceramic samples under a DC electric field of 120 V·cm −1 at 850 • C was called flash sintering due to the occurrence of the shrinkage in a few seconds [2] .
The electric field-assisted pressureless sintering technique has mainly been applied to yttria-stabilized zirconia ceramics [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Many other reports were published applying this technique to other materials [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , studying the dependence on the amplitudes of the electric field and current density [31] , on the average particle size [32] , on the porosity [33] , and searching for an explanation of such events [34] [35] [36] [37] [38] [39] [40] .
Three recent reviews on flash sintering give details of some experimental setups, ceramics submitted to flash sintering, proposed mechanisms, electrical measurements, and modeling [17] [18] [19] .
We describe here the relationship between the microstructure and the electrical properties of 3 mol % yttria-stabilized zirconia specimens, which were sintered according to three different procedures: isothermal flash sintering-applying an AC electric field at a constant temperature; conventional method-heating and cooling; and conventional followed by the isothermal flash event. The bulk and the grain boundary electrical resistivities were found to depend on those procedures, due to the different final microstructures. Moreover, the observation that the average grain size on the surface of the AC flash sintered samples decreases from near the border to the center of the flat surface may be evidence of the classical skin effect, i.e., it depends on the AC current density. The main objective of this work was to study the relationship between the microstructure and the electrical properties of yttria-stabilized zirconia solid electrolytes sintered according to the three procedures described above.
Materials and Methods
ZrO 2 : 3 mol % Y 2 O 3 ceramic powder (Tosoh TZ-3YBE, Tokyo, Japan) was uniaxially cold-pressed (Φ 10 mm × 3 mm) with 50 MPa in a metallic cylindrical die, followed by vacuum sealing for isostatic pressing (National Forge Co., Irvine, CA, USA) with 200 MPa. Green densities were in the 45-50% T.D. (theoretical density) range.
Three experimental procedures were carried out to evaluate the main differences between conventional and flash sintering: (a) heating up a green pellet to 1400 • C at 10 • C·min −1 with no dwell time, and cooling down to room temperature at the same rate (conventional sintering); (b) heating up a green pellet to 1000 • C and applying at that temperature 200 V·cm −1 , 1000 Hz for 5 min, limiting the amplitude of the electric current to 3 A (flash sintering); (c) heating a pellet (pre-sintered at 1400 • C) to 1000 • C and applying at that temperature 200 V·cm −1 , 1000 Hz for 5 min, limiting the amplitude of the electric current to 3 A (conventional + flash event). During the flash sintering experiment, a voltage is applied in the 0-100 V range until the sample reaches a pre-set electrical current; the power supply switches from voltage to current control, maintaining the pre-set electric current throughout the programmed time.
The sample chamber for flash sintering, shown in Figure 1 , consists of a vertical alumina sample holder connected, via alumina-insulated platinum wires, to a commercial power supply (Pacific Power Source 118-ACX, Irvine, CA, USA). The sample was positioned between two platinum thin foils with platinum leads connecting the sample electrodes to the power supply; to ensure electrical contact, a Pt paste was used to cover the parallel faces of the specimen. A chromel-alumel thermocouple with its junction positioned close to the sample was used to monitor the local temperature. The sample chamber was inserted in a programmable furnace that was heated up to a fixed temperature to apply the electric voltage. Polished (15 µm to 3 µm diamond paste) and thermally etched (1300 °C/15 min) surfaces of the sintered specimens were observed in a scanning electron microscope (Inspect F50 FEG-SEM, FEI, Brno, Czech Republic). The Mendelson method [41] and the Image J software [42] were used for the evaluation of the distribution of grain sizes.
Impedance spectroscopy measurements in sintered specimens were carried out in the 370 °C-450 °C range with a Hewlett Packard 4192A impedance analyzer (Yokogawa-Hewlett Packard, Tokyo, Japan) in the 5 Hz to 13 MHz frequency range with a 200 mV signal amplitude. The impedance spectroscopy data were collected in sintered samples with the parallel surfaces covered with Ag paste and cured at 300 °C for removal of the organic binder; the sample holder had Pt disks and Pt wires for connecting the sample to the impedance analyzer. The [−Z''(f) × Z'(f)] impedance diagrams were deconvoluted in frequency to obtain the intergranular and the intragranular (bulk) electrical resistivities [43] .
Results and Discussion
The apparent density of the 3YSZ samples sintered according to three different processes (conventional, flash, and conventional + flash) was evaluated by the Archimedes method as 98.9(1), 98.6(1), and 99.1(1)% T.D., respectively. This is evidence that the electric current pulse through the sample is able to eliminate residual porosity not only in the flash sintered sample, but also in the dense (conventionally sintered) sample. Figure 2 shows the electric field and current plotted as a function of time, collected during the flash sintering experiment. As soon as an electric current pulse flows through the sample, the electric field decreases to keep the pre-set current value constant. This procedure is undertaken to avoid electrical runaway that could occur with the increase in current, due to the decrease of the electrical resistance of the sample, caused by the raise of the temperature promoted by Joule heating. Polished (15 µm to 3 µm diamond paste) and thermally etched (1300 • C/15 min) surfaces of the sintered specimens were observed in a scanning electron microscope (Inspect F50 FEG-SEM, FEI, Brno, Czech Republic). The Mendelson method [41] and the Image J software [42] were used for the evaluation of the distribution of grain sizes.
Impedance spectroscopy measurements in sintered specimens were carried out in the 370 • C-450 • C range with a Hewlett Packard 4192A impedance analyzer (Yokogawa-Hewlett Packard, Tokyo, Japan) in the 5 Hz to 13 MHz frequency range with a 200 mV signal amplitude. The impedance spectroscopy data were collected in sintered samples with the parallel surfaces covered with Ag paste and cured at 300 • C for removal of the organic binder; the sample holder had Pt disks and Pt wires for connecting the sample to the impedance analyzer. The [−Z (f) × Z (f)] impedance diagrams were deconvoluted in frequency to obtain the intergranular and the intragranular (bulk) electrical resistivities [43] .
The apparent density of the 3YSZ samples sintered according to three different processes (conventional, flash, and conventional + flash) was evaluated by the Archimedes method as 98.9(1), 98.6(1), and 99.1(1)% T.D., respectively. This is evidence that the electric current pulse through the sample is able to eliminate residual porosity not only in the flash sintered sample, but also in the dense (conventionally sintered) sample. Figure 2 shows the electric field and current plotted as a function of time, collected during the flash sintering experiment. As soon as an electric current pulse flows through the sample, the electric field decreases to keep the pre-set current value constant. This procedure is undertaken to avoid electrical runaway that could occur with the increase in current, due to the decrease of the electrical resistance of the sample, caused by the raise of the temperature promoted by Joule heating. with an average submicron size and low pore density. The conventionally sintered samples are homogeneous with both a similar average grain size and distribution of grain size in the entire surface; the flash sintered samples, on the other hand, have larger grains near the border relative to the center of the flat surfaces, meaning that the Joule heating generated by the electric current pulse is more intense at the border than at the center. This may be caused by the skin effect, i.e., the decrease of the AC electric current from the extreme end of the top surface in the radial direction to the center of that surface [44] .
The sample sintered at 1400 °C (Figure 3a ,b) without application of the electric field has similar grains at the center and near the border of the flat polished and thermally etched surfaces. The flash sintered sample (Figure 3c,d) , on the other hand, shows irregular grain sizes at the center, probably due to the non-homogeneous distribution of the electric current pulse through the specimen. Uniaxially pressed ceramic powders form green pellets that, even after further isostatic pressing, do not have a homogeneous distribution of density and interparticle pores [45] . The application of an electric field at a temperature located in the first stage of sintering results in an electric current pulse after an incubation time. Considering that pores play a role in the electric current pulse event [33] , the non-homogeneous pore distribution may lead to different electric current densities and, consequently, to different grain sizes throughout the flash sintered specimen. The evaluation of the grain size distribution gave the following values: specimens sintered at 1400 °C, sintered at 1400 °C followed by the flash event, and flash sintered, have average grain sizes of 282 ± 73, 340 ± 108, and 385 ± 133 nm, respectively. Flash sintering then promotes grain growth in pre-sintered samples. Moreover, flash sintered samples have a larger average grain size than conventionally sintered samples, probably due to the higher availability of preferential paths for the electric current pulse. (Figure 3e,f) . The observations were focused at the center (figures on the left) and near the border (right) of the sample flat cylindrical surfaces. All samples present grains with an average submicron size and low pore density. The conventionally sintered samples are homogeneous with both a similar average grain size and distribution of grain size in the entire surface; the flash sintered samples, on the other hand, have larger grains near the border relative to the center of the flat surfaces, meaning that the Joule heating generated by the electric current pulse is more intense at the border than at the center. This may be caused by the skin effect, i.e., the decrease of the AC electric current from the extreme end of the top surface in the radial direction to the center of that surface [44] .
The sample sintered at 1400 • C (Figure 3a,b) without application of the electric field has similar grains at the center and near the border of the flat polished and thermally etched surfaces. The flash sintered sample (Figure 3c,d) , on the other hand, shows irregular grain sizes at the center, probably due to the non-homogeneous distribution of the electric current pulse through the specimen. Uniaxially pressed ceramic powders form green pellets that, even after further isostatic pressing, do not have a homogeneous distribution of density and interparticle pores [45] . The application of an electric field at a temperature located in the first stage of sintering results in an electric current pulse after an incubation time. Considering that pores play a role in the electric current pulse event [33] , the non-homogeneous pore distribution may lead to different electric current densities and, consequently, to different grain sizes throughout the flash sintered specimen. The evaluation of the grain size distribution gave the following values: specimens sintered at 1400 • C, sintered at 1400 • C followed by the flash event, and flash sintered, have average grain sizes of 282 ± 73, 340 ± 108, and 385 ± 133 nm, respectively. Flash sintering then promotes grain growth in pre-sintered samples. Moreover, flash sintered samples have a larger average grain size than conventionally sintered samples, probably due to the higher availability of preferential paths for the electric current pulse. The distribution of the grain sizes, evaluated with the SEM micrographs of Figure 3a -f, is shown in Figure 4 . The average grain size measured at the center of the surface of the disc-shaped 3YSZ specimens sintered at 1400 °C is similar to the one measured near the border. On the other hand, the same parameter measured in surfaces of 3YSZ specimens sintered with the application of an electric The distribution of the grain sizes, evaluated with the SEM micrographs of Figure 3a -f, is shown in Figure 4 . The average grain size measured at the center of the surface of the disc-shaped 3YSZ specimens sintered at 1400 • C is similar to the one measured near the border. On the other hand, the same parameter measured in surfaces of 3YSZ specimens sintered with the application of an electric field at 1000 • C are larger near the border than at the center of the surfaces. This means that the Joule heating is more effective near the border, i.e., the electric current density is larger in that region. This could be due to the skin effect, which states that the current density depends on the frequency of the AC electric field, decreasing from the border to the center [44] .
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The intragranular values do not differ considerably, as observed in the Arrhenius plots, meaning that flash sintering produces samples with a similar bulk resistivity as samples sintered without applying an electric field. Since the average grain size and density are similar for all samples, the major difference is in the intergranular region: samples submitted to flash sintering present a significant increase of the intergranular conductivity.
The values of the activation energy for the ionic conductivity of the bulk and grain boundary were evaluated and are shown in Table 1 . For the grain boundary conductivity of the conventionally sintered sample, it is in agreement with reported values (e.g, 1.09 eV [48] ), but it is lower for samples sintered under the electric field. This may be a consequence of the interaction of the electric current There is a large difference between the electrical resistivity value of the sample submitted to conventional sintering comparing and the two other situations. The deconvolution of these diagrams allowed for evaluating the intergranular and the intragranular components of the total resistivity. Figure 6 shows the Arrhenius plots of the intragranular and the intergranular electrical resistivities of the sintered samples. There is a large difference between the electrical resistivity value of the sample submitted to conventional sintering comparing and the two other situations. The deconvolution of these diagrams allowed for evaluating the intergranular and the intragranular components of the total resistivity. Figure 6 shows the Arrhenius plots of the intragranular and the intergranular electrical resistivities of the sintered samples. The conventionally sintered sample has a higher intergranular electric resistivity than samples submitted to flash sintering. The samples sintered with application of the electric field are less resistive (see Figure 5 ) under the same measuring conditions.
The values of the activation energy for the ionic conductivity of the bulk and grain boundary were evaluated and are shown in Table 1 . For the grain boundary conductivity of the conventionally sintered sample, it is in agreement with reported values (e.g, 1.09 eV [48] ), but it is lower for samples The conventionally sintered sample has a higher intergranular electric resistivity than samples submitted to flash sintering. The samples sintered with application of the electric field are less resistive (see Figure 5 ) under the same measuring conditions.
The values of the activation energy for the ionic conductivity of the bulk and grain boundary were evaluated and are shown in Table 1 . For the grain boundary conductivity of the conventionally sintered sample, it is in agreement with reported values (e.g, 1.09 eV [48] ), but it is lower for samples sintered under the electric field. This may be a consequence of the interaction of the electric current pulse, modifying the space charge region with a decrease of the potential of the space charge layer [19] . It has been already reported that the activation energy for the grain boundary resistivity is determined by the properties of the space charge layer [48] . 
Conclusions
Green, as well as conventionally sintered (1400 • C), pellets of ZrO 2 : 3 mol % Y 2 O 3 solid electrolytes exposed to an AC electric field (flash sintering) at 1000 • C have similar intergranular (grain boundary) and intragranular (bulk) oxide ion conductivities. These conductivities are higher than in conventionally sintered pellets. We propose that the electric current pulse due to the application of the electric field delivers Joule heat to the grain boundary region, promoting thermal migration to the grains of the chemical species located at the interfaces (increasing the oxygen vacancy concentration and consequently the bulk oxide ion conductivity), as well as the welding of the grains (decreasing the potential barrier that blocks the flow of oxide ions and, consequently, increasing the grain boundary conductivity). Moreover, as the grain sizes are larger near the border than at the center of the flash sintered specimens, probably due to the different current densities, we propose that the skin effect may play a role during the flash sintering event with an AC electric field. A larger current density means larger delivered Joule heating, increasing the grain sizes, as we observed in the scanning electron microscopy images.
